The need for new tools for investigating biological systems on a large scale is becoming acute, particularly with respect to computationally intensive analyses such as comparisons of many threedimensional protein structures. Structure superposition is a valuable approach for understanding evolutionary relationships and for the prediction of function. But while available tools are adequate for generating and viewing superpositions of single pairs of protein structures, these tools are generally too cumbersome and time-consuming for examining multiple superpositions. To address this need, we have created the Structure Superposition Database (SSD) for accessing, viewing and understanding large sets of structure superposition data. The initial implementation of the SSD contains the results of pairwise, all-by-all superpositions of a representative set of 115 (b=a) 8 barrel structures (TIM barrels). Future plans call for extending the database to include representative structure superpositions for many additional folds. The SSD can be browsed with a user interface module developed as an extension to Chimera, an extensible molecular modeling program. Features of the user interface module facilitate viewing multiple superpositions together. The SSD interface module can be downloaded from http:// ssd.rbvi.ucsf.edu.
INTRODUCTION
Structural genomics projects have made significant progress in high-throughput protein structure determination (1, 2) . Comparative analyses of structures are traditionally and successfully used for predicting protein functions, finding functionally important residues and making evolutionary inferences. Such capabilities are particularly useful for examining protein relationships at the family and superfamily levels. For example, visual inspection or more detailed analysis of superimposed structures and associated sequences is required to distinguish well-conserved regions of protein structure and to suggest new hypotheses for the prediction of function from structural similarities. Large-scale efforts have been made to perform such comparative structure analyses on all available protein structures, the goal being to classify the protein universe and make new predictions with respect to structure and function (3) (4) (5) . The results of some of these efforts are available through public databases, e.g. Entrez/ MMDB (6), FSSP (7) and the CE database (8) . Current databases do provide visualization tools, but these are largely limited to basic manipulations that are not sufficient for more extensive studies. The necessary detailed inspections of a single pair of superimposed structures can be tedious; using current databases and tools on a large set of superpositions is much more cumbersome. As the number of experimentally determined and modeled/predicted structures of unknown function increases, the goal will shift to discovering the functions of these structures and to the larger-frame questions associated with a general understanding of how structure determines function. Large sets of superpositions and new tools for their examination, visualization and analysis will be required.
In response to these needs, we have created the Structure Superposition Database (SSD). The SSD currently contains structure superpositions of a diverse, representative set of (b/a) 8 barrel, also known as TIM barrel, domains. Future plans call for expanding the SSD to include superpositions of additional folds. We have developed an extension to the modeling program, Chimera (9) , to facilitate visualization of large sets of structure superposition information. Users of the database can also utilize Chimera's standard capabilities independently to manipulate, view and analyze the data for themselves. The SSD user interface module is publicly available for download at http://ssd.rbvi.ucsf.edu. Chimera is available at http://www.cgl.ucsf.edu/chimera/.
Database content and methods
We have chosen superpositions of the (b/a) 8 barrel fold as the initial dataset for the SSD because these structures are evolutionarily diverse and versatile, performing many different functions and representing perhaps as many as 10% of enzyme structures (10) (11) (12) (13) . The challenge of understanding the links between the similar structures and diverse functions of these proteins underscores the need for developing the SSD and associated tools. To gather this set of diverse (b/a) 8 domains, we ran pairwise sequence alignments using CLUSTALW (14) on all the (b/a) 8 8 barrel domain listed in the PDB file. We gathered a diverse set (N ¼ 115) such that no sequence had greater than 30% identity to any other in the set, choosing in all cases the highest resolution, non-mutated proteins. Wherever possible, unliganded proteins were used.
Pairwise, all-by-all structural superpositions were generated using the MinRMS algorithm (17) available from http:// www.cgl.ucsf.edu/Research/minrms. This algorithm is unique in that it finds a set of optimal superpositions for a single pair of proteins, rather than providing a single optimal superposition. For any pair of proteins, MinRMS calculates the set of superpositions such that the number of matched residues ranges from 2 residues to n, where nequals the full-length of the shorter protein. Each superposition is optimized for the lowest root-mean-square distance (RMSD) for the given number of residues matched.
The MinRMS superpositions were generated using BioCluster, a 100-CPU cluster built by Compaq Corporation to assist work on annotating the human genome. MinRMS results for any set of superpositions can be viewed using the AlignPlot extension of Chimera. Documentation for Chimera and AlignPlot is available at http://www.cgl.ucsf.edu/chimera/.
The SSD contains the results of these 6555 sets of superpositions. For each superposition, the SSD contains: (i) the transformation matrix, (ii) the alignment scores, and (iii) the pairwise sequence alignment [in Multiple Sequence File (MSF) format]. The transformation matrix is used for calculating the position and orientation when viewing structure superpositions and can be viewed and used independently of other SSD capabilities. Scores available for each superposition include the set of residues matched in the two structures, RMSD, longest distance between any two matched residues and Gerstein-Levitt probability score (18) . In the structurebased sequence alignment associated with each structure Figure 1 . Schematic representation of SSD data structures. The enolase superfamily (blue) contains multiple homologous proteins. All of these proteins (MR, enolase, . . .), along with a protein from a different superfamily (PRAI) (peach) can be compared. Each protein has an associated structure (magenta). One set of MinRMS results (green) compares two structures and includes multiple superpositions (cyan) with different numbers of alpha-carbons matched (n).
superposition, residues matched in the superposition are aligned and the unmatched residues are treated as insertions and deletions.
The essential database structure for the SSD is provided in Figure 1 .
Features and applications: the user interface module
The data currently available in the SSD will be useful, by itself, for investigators who require sophisticated visualization capabilities for pairs of superimposed structures. But to understand large sets of superpositions together, investigators will require more complex data manipulations and visualizations which are provided through the database user interface module of the SSD. Development of the user interface model was guided by asking what manipulations are required for understanding a single superposition and then creating features to facilitate the same manipulations for large sets of superpositions. The following sections describe the features of the user interface module.
Chimera (9) is an interactive molecular modeling program where developers have access to internal data structures and can create their own Python programs to customize the modeling environment. We chose to implement the SSD user interface module as a Chimera extension because of Chimera's sophistication and large number of analysis features as well as the accessibility and easy manipulation of the molecular graphics data.
The superpositions can be searched according to PDB identifiers. Users can search the database using four different methods: (i) Browse the structures sorted by superfamily (using SCOP classifications) and select which proteins to compare together, (ii) search for a single protein and then select, using checkboxes, which additional proteins to compare with that protein, (iii) search for a pair of proteins, or (iv) enter a user-defined group of proteins to view all pairwise Users can choose to view all of the superpositions for one pair of proteins or to view only those superpositions within user-specified ranges of RMSD and number of matched alphacarbons. These options are shown in Figure 2 . The superpositions for any single pair of proteins are viewed as a graph of alignment scores versus number of matched alpha-carbons (MinRMS panel in Fig. 1) . The user selects bars on the graph to display the scores of the superposition and view the structures superimposed in the main Chimera window. Buttons are included for viewing the transformation matrix and the structure-based sequence alignment. The sequence alignments are viewed through the Chimera extension Multalign Viewer, which allows the user to link the protein sequence to the structure and vice versa. Documentation for Multalign Viewer is available at http://www.cgl.ucsf.edu/chimera.
When investigating a group of proteins, users can open and view each pairwise superposition with the same tools described above. Users may also choose to view any number of the proteins superimposed together by selecting a template structure to which the other structures will be superimposed and selecting either an RMSD value or the percent of the protein length matched in the superposition. Structure-based sequence alignments for multiple structures superimposed are constructed by inserting gaps into the sequences for residues not used in the superposition, leaving only residues that are superimposed in the structure superpositions matched in the sequence alignment. The structure-based sequence alignments for a group of proteins can be viewed with Multalign Viewer simultaneously with the associated superimposed structures in the Chimera main screen, thus allowing the user to explore the relevant sequences and structures together. Figure 3 provides a screenshot of the options for viewing a multiple structure superposition. Users can also open their own multiple sequence alignments using Multalign Viewer. These multiple sequence alignments are automatically associated with a set of structures opened using the SSD interface.
Additional features are provided to aid in visualization of multiple structure superpositions and allow users to focus on relevant structural features. For example, users may choose to color only the matched residues in the structure superpositions, leaving unmatched residues gray. Also, the SSD user interface module allows for changing the color of structures and for hiding and redisplaying structures. The standard Chimera molecular representation tools are also available for use in addition to the SSD features.
Currently, because the SSD data format is specific to MinRMS and the data is read into Chimera from the SSD database, users cannot directly upload and view superpositions Figure 3 . Viewing multiple superpositions together. The menu options (A) for viewing a group of proteins allow the user to view superpositions for a pair of proteins (B) or more than two proteins superimposed together (C). When multiple structures are superimposed relative to one template, the scores for each pairwise superposition are displayed in a table that provides the RMSD values representing the comparison of the template structure to each structure checked in the list (D). The structures are displayed in the main Chimera window. The structure-based sequence alignment is shown through the Multalign Viewer interface (E), which connects the sequence alignments to the graphical display of structures. generated by other structure alignment methods. Users who wish to use the SSD user interface module to view such superpositions can contact the authors to make arrangements. Possibilities for allowing users to view their own MinRMSgenerated superpositions are being explored.
Accessibility and availability
To use the SSD, Chimera must be downloaded and installed. Chimera is compatible with and has been tested on Windows 98/NT/2000, SGI IRIX 6.5, Compaq Tru64 UNIX 5.0/5.1, and Redhat Linux 6.2/7.1. Chimera also works on Windows XP, although this platform has not been tested by the developers. An alpha test version of Chimera for Mac OS X, which will require an X-windows server, will be released in late 2002. A future version will run with the native OS X windowing system. The SSD user interface module must also be downloaded and installed separately and is available at http:// ssd.rbvi.ucsf.edu. Documentation and instructions for using the SSD, with an example investigating common structural elements of the wellcharacterized enolase superfamily of (b/a) 8 proteins (19, 20) , is available on the SSD site. This 'Tutorial' file guides users through manipulations possible within the user interface module. Methods similar to those described here can be used to identify and investigate new superfamily relationships.
Comparison between the SSD and other structure superposition databases
Beyond the simple visualization tools provided by such software as Cn3D and Rasmol/Chime, evaluation of superpositions in current databases has been largely limited to using various numerical scores representing the overall quality of a structure superposition. Although such quantitative measures allow convenient use of clustering and statistical techniques to order the data, they cannot clearly indicate which regions are better aligned or whether regions of interest are well aligned. Even when visualization of pairwise or multiple superpositions is available, existing databases are especially limited with respect to viewing and evaluation of multiple structural superpositions simultaneously with integrated multiple sequence alignments.
The SSD includes several features that enable sophisticated analysis and visualization of multiple structural superpositions together. Many of these features are either not available or only minimally developed in other available databases. Table 1 provides a comparison between the SSD and several existing databases with respect to these issues. The capabilities included in Table 1 reflect those the authors consider most important for sophisticated visualization of structural superposition data.
FUTURE DEVELOPMENTS
We plan to add structures and structure superpositions representing additional folds. We also plan to add structure superpositions for proteins in well-characterized and established superfamilies as part of a project to create a gold standard set for investigations of superfamilies. Other future developments include support for downloading subsets of the data and more options for viewing multiple superpositions.
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